Influence of single scattering albedo on reflected and transmitted light from clouds by Kattawar, G. W. & Plass, G. N.
AFCRL- 67-0450 . 
, $ '  
- 
3 
K 
E\ 
' )  In f luence  of S ing le  S c a t t e r i n g  Albedo on Ref l ec t ed  
and Transmit ted Light  from Clouds 
Authors 
U G i l b e r t  N. P l a s s  
George W. kttawar ' j  
f 1 Southwest Center f o r  Advanced S tud ie s  
Dallas, Texas 
f :  
-= ' Contrac t  Noi Adl9(628)-503!3-- / 
F 
v 
P r o j e c t  No. 4076 
Task No. 407604 
.- 
S c i e n t i f i c  Report  No. 4 
1 2  J u l y  1967 
4n 4n 
K 
n 
0 
K 
- 
n - 
I- 
v) 
LL 
0 
I 
0 
I 
1 
> n 
0 u 
E ru 
I 
This  r e s e a r c h  was p a r t i a l l y  supported by t h e  Nat iona l  Aeronaut ics  and 
Space Adminis t ra t ion 
Contract  Monitor 
Robert W .  Fenn 
O p t i c a l  Physics  Laboratory 
D i s t r i b u t i o n  o f  t h i s  document i s  un l imi t ed .  It may be r e l e a s e d  t o  t h e  
Clear inghouse,  Department of Commerce, f o r  sale t o  t h e  g e n e r a l  pub l i c .  
Prepared 
for 
A I R  FORCE CAMBRIDGE RESEARCH LABORATORIES 
OFFICE OF AEROSPACE RESEARCH 
UNITED STATES A I R  FORCE 
BEDFORD, MASSACHUSETTS 01730 
https://ntrs.nasa.gov/search.jsp?R=19670029744 2020-03-24T01:19:29+00:00Z
AFCRL- 67-0450 
In f luence  of S ing le  S c a t t e r i n g  Albedo on Ref lec ted  
and Transmit ted Light  from Clouds 
Authors 
G i l b e r t  N.  P l a s s  
George W. Kattawar 
Southwest Center f o r  Advanced S tud ie s  
Dallas, Texas 
Cont rac t  No. AF19(628)-5039 
P r o j e c t  No. 4076 
Task No. 407604 
S c i e n t i f i c  Report  No. 4 
1 2  J u l y  1967 
T h i s  r e s e a r c h  was p a r t i a l l y  supported by t h e  Nat iona l  Aeronaut ics  and 
Space Adminis t ra t ion 
Contract  Monitor 
Robert W .  Fenn 
O p t i c a l  Physics  Laboratory 
D i s t r i b u t i o n  of t h i s  document is  un l imi t ed .  It may be r e l e a s e d  t o  t h e  
Clear inghouse ,  Department of Commerce, f o r  sale t o  t h e  g e n e r a l  p u b l i c .  
Prepared 
f o r  
A I R  FORCE CAMBRIDGE RESEARCH LABORATORIES 
OFFICE OF AEROSPACE RESEARCH 
UNITED STATES A I R  FORCE 
BEDFORD, MASSACHUSETTS 01730 
I n f l u e n c e  o f  S ingle  S c a t t e r i n g  Albedo on 
R e f l e c t e d  and Transmitted Light  from Clouds 
GILBERT N .  PLASS and GEORGE W .  KATTAWAR 
Abs t rac t  
The dependence of t h e  r e f l e c t e d  and t r a n s m i t t e d  l i g h t  from c louds  
on t h e  s i n g l e  s c a t t e r i n g  albedo w i s  s t u d i e d .  The m u l t i p l y  s c a t t e r e d  
p a t h  of t h e  photon i n  t h e  cloud i s  a c c u r a t e l y  s imula ted  by Monte C a r l o  
techniques .  
r e f l e c t e d  and t r a n s m i t t e d  rad iances  vary  n e a r l y  as w 
of inc idence  and observa t ion  and they  depend s t r o n g l y  on t h e  v a l u e  of 
A .  A s  w becomes small and for t h i c k  c l o u d s ,  t h e  r e f l e c t e d  r a d i a n c e  
approaches more c l o s e l y  t h e  v a l u e  c a l c u l a t e d  from t h e  s i n g l e  s c a t t e r i n g  
phase f u n c t i o n .  A s  t h e  absorp t ion  i n c r e a s e s  t h e  t r a n s m i t t e d  r a d i a n c e  
a t  t h e  z e n i t h  becomes l a r g e r  r e l a t i v e  t o  t h e  v a l u e  n e a r  t h e  horizon.  
Also a s  t h e  o p t i c a l  t h i c k n e s s  i n c r e a s e s ,  t h e  maximum of  t h e  t r a n s m i t t e d  
r a d i a n c e  moves from t h e  i n c i d e n t  d i r e c t i o n  toward t h e  z e n i t h .  The v a r i a t i o n s  
i n  t h e  f l u x  and t h e  mean o p t i c a l  p a t h  are a l s o  d i s c u s s e d .  
0 
When t h e  cloud i s  t h i n  and t h e  s u r f a c e  albedo A = 0 ,  t h e  
f o r  f i x e d  a n g l e s  
0 
0 
The a u t h o r s  are wi th  t h e  Southwest Center  f o r  Advanced S t u d i e s ,  
Dallas, Texas 75230.  
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I n t r o d u c t i o n  
The r e f l e c t e d  and t r a n s m i t t e d  r a d i a n c e  from c louds  depends on a 
number of parameters .  Some of t h e  impor tan t  f a c t o r s  i nc lude  t h e  number 
and s i z e  d i s t r i b u t i o n  of t h e  water d r o p l e t s ,  t h e  wavelength of t h e  l i g h t ,  
t h e  s i n g l e  s c a t t e r i n g  a lbedo ,  t h e  a lbedo  of t h e  p l a n e t a r y  s u r f a c e ,  
t h e  a n g l e  of t h e  incoming s o l a r  r a d i a t i o n ,  and t h e  o p t i c a l  t h i c k n e s s  
of  t h e  cloud t o g e t h e r  with its shape. I n  o r d e r  t o  understand t h e  com- 
p l e x  phenomenon of  m u l t i p l e  s c a t t e r i n g  from c louds  it i s  important 
t o  s tudy  t h e  i n f l u e n c e  of v a r i a t i o n s  i n  j u s t  one of t h e s e  parameters  
a t  a t ime whi le  assuming r e a l i s t i c  v a l u e s  f o r  t h e  remainder.  
This  paper i s  concerned only  wi th  v a r i a t i o n s  i n  t h e  s i n g l e  s c a t t e r i n g  
photons.  A t  wavelengths i n  t h e  v i s i b l e  water i s  so weakly absorb ing  
t h a t  it can be neg lec t ed  f o r  a l l  p r a c t i c a l  purposes f o r  t h e  water 
amounts which occur i n  c louds .  However, water has  a number of s t r o n g  
a b s o r p t i o n  bands beginning i n  t h e  nea r  i n f r a r e d .  Some of t h e s e  a r e  
so  s t r o n g  t h a t  more than  ha l f  t h e  i n c i d e n t  r a d i a t i o n  i s  absorbed by a 
s i n g l e  water d r q l e t  of t h e  t y p i c a l  s i z e  which occiirs i n  c louds .  
The r e f l e c t e d  and t r a n s m i t t e d  r a d i a n c e  is c a l c u l a t e d  a s  a f u n c t i o n  
of t h e  a lbedo  f o r  s i n g l e  s c a t t e r i n g  by a Monte Car lo  method. 
computer program has a l r e a d y  been desc r ibed  i n  d e t a i l  i n  t h e  l i t e r a t u r e ' .  
B r i e f l y  it c a l c u l a t e s  t h e  r ad iance  and f l u x  a t  a number of  d e t e c t o r s  
p laced  throughout t h e  c loud  f o r  v a r i o u s  s u r f a c e  a lbedos .  
s c a t t e r i n g  phase f u n c t i o n  i s  ob ta ined  from t h e  Mie t h e o r y  by i n t e g r a t i o n  
over t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
Th i s  
A s i n g l e  
The p r o b a b i l i t y  of s c a t t e r i n g  
a t  any a n g l e  i s  a c c u r a t e l y  c a l c u l a t e d  inc lud ing  t h e  sha rp  and s t r o n g  
forward peak of t h e  d i s t r i b u t i o n .  Thus t h e  c a l c u l a t i o n  s imula t e s  
a c c u r a t e l y  t h e  numerous small a n g l e  s c a t t e r i n g  c o l l i s i o n s  which occur .  
Although t h e r e  are  n e c e s s a r i l y  f l u c t u a t i o n s  i n  any Monte Car lo  
r e s u l t ,  t h e s e  can be reduced t o  a c c e p t a b l e  l e v e l s  when a s u f f i c i e n t  
number of  photons a r e  used. The Monte Car lo  method appea r s  t o  o f f e r  
t h e  only  p r a c t i c a l  way t o  o b t a i n  d a t a  f o r  a wide r ange  of cond i t ions  
inc lud ing  s t r o n g  forward s c a t t e r i n g ,  inhomogenities i n  t h e  atmosphere, 
and t h e  occurrence  of s e v e r a l  d i f f e r e n t  p rocesses  which absorb  and s c a t t e r  
t h e  photon. 
F r i t z 2 y 3  and Twomey e t  a14 have c a l c u l a t e d  t h e  e f f e c t s  of l i g h t  
s c a t t e r i n g  from c louds  by o t h e r  methods and obta ined  very  i n t e r e s t i n g  
r e s u l t s .  The Monte Car lo  method has been d i scussed  by Hammersley and 
Handscomb5 and has been app l i ed  t o  atmospheric problems by C o l l i n s  and 
Wells6. However, a l l  of t h e s e  a u t h o r s  have cons idered  only t h e  case  
of pure  s c a t t e r i n g  and have not inc luded  any a b s o r p t i o n  by t h e  water 
d r o p l e t s .  
Cloud Model 
The s i z e  d i s t r i b u t i o n  f o r  t h e  water d r o p l e t s  i n  a cumulous cloud 
chosen f o r  t h i s  c a l c u l a t i o n  is  
n ( r )  = 2.373 r6 exp(-1 .5r )  , 
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where t h e  r a d i u s  r i s  expressed i n  microns and t h e  concen t r a t ion  n 
is expressed i n  cm-3 P - ’ .  
Deirmendj ;an7. 
from t h e  Mie theo ry  by averaging over  t h i s  d i s t r i b u t i o n ’ .  
of 0.71.1 f o r  t h e  i n c i d e n t  l i g h t  and a r e a l  index of r e f r a c t i o n  of 1 . 3 3  
f o r  t h e  water  d r o p l e t s  was assumed f o r  t h i s  c a l c u l a t i o n .  
s i n g l e  s c a t t e r i n g  phase func t ion  was used f o r  a l l  of t h e  c a l c u l a t i o n s  
i n  t h i s  paper  as w e  wished t o  s tudy  t h e  e f f e c t  of v a r i a t i o n s  i n  t h e  
s i n g l e  s c a t t e r i n g  a lbedo  a lone .  A more r e a l i s t i c  c a l c u l a t i o n  would 
have changed both t h e  wavelength and index of r e f r a c t i o n  t o  ag ree  w i t 1 1  
t h e  assumed s i n g l e  s c a t t e r i n g  a lbedo .  However, t h e  changes would then  
have been due t o  two causes  which could not  be sepa ra t ed .  
s e p a r a t e  c a l c u l a t i o n s  showed t h a t  changes i n  t h e  r ad iance  due t o  v a r i a t i o n s  
i n  t h e  s i n g l e  s c a t t e r i n g  phase f u n c t i o n  are  cons iderably  sma l l e r  and o f t e n  
n e g l i g i b l e  compared t o  those  due t o  changes i n  t h e  s i n g l e  s c a t t e r i n g  
a lbedo .  
T h i s  is t h e  d i s t r i b u t i o n  f u n c t i o n  used by 
The s i n g l e  s c a t t e r i n g  phase f u n c t i o n  was c a l c u l a t e d  
A wavelength 
This  p a r t i c u l a r  
Furthermore,  
The s i n g l e  s c a t t e r i n g  phase f u n c t i o n  was c a l c u l a t e d  a t  0 . 2 5 O  
i n t e r v a l s  i n  t h e  forward d i r e c t i o n  near  t h e  s t rong  forward s c a t t e r i n g  
maximum and a t  2 O  i n t e r v a l s  i n  t h e  backward d i r e c t i o n  where t h e  f u n c t i o n s  
undergoes s e v e r a l  o s c i l l a t i o n s .  The cumulat ive p r o b a b i l i t y  f o r  s c a t t e r i n g  
as a f u n c t i o n  of angle  was obtained from i n t e r p o l a t i o n  between t h e s e  
c a l c u l a t e d  p o i n t s .  This  l a r g e  number of c a l c u l a t e d  p o i n t s  was found 
t o  be necessary  i n  o r d e r  t o  determine t h e  s i n g l e  s c a t t e r i n g  phase 
f u n c t i o n  a c c u r a t e l y ,  
sphere  was performed i n  order  t o  check t h e  accuracy of t h e  volume 
An i n t e g r a t i o n  of t h i s  q u a n t i t y  over  t h e  u n i t  
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averaged phase f u n c t i o n .  
t h e r e  i s  no a b s o r p t i o n .  The r e s u l t s  of t h e  i n t e g r a t i o n  a r e  always 
w i t h i n  a f e w  hundredths of one pe rcen t  of u n i t y .  
This i n t e g r a l  has  t h e  v a l u e  of u n i t y  when 
All c a l c u l a t i o n s  r e p o r t e d  h e r e  assume r e f l e c t i o n  from a Lambert 's 
surface a s  r e p r e s e n t a t i v e  of t h e  p l a n e t a r y  s u r f a c e .  
f o r  a s u r f a c e  a lbedo  A of 0 and 1. 
w i s  v a r i e d  i n  o r d e r  t o  determine t h e  i n f l u e n c e  of s t r o n g  a b s o r p t i o n  
on t h e  r a d i a n c e .  The o p t i c a l  t h i c k n e s s  T of t h e  cloud i s  de f ined  i n  
terms of t h e  t o t a l  c r o s s  s e c t i o n  inc lud ing  t h e  c o n t r i b u t i o n s  from both  
s c a t t e r i n g  and a b s o r p t i o n .  
R e s u l t s  a r e  r e p o r t e d  
The a lbedo  f o r  s i n g l e  s c a t t e r i n g  
0 
Ref lec t ed  Radiance 
The c a l c u l a t e d  r e f l e c t e d  r a d i a n c e  from t h i n  c louds  ( T  0.1) i s  
shown i n  F i g s .  1-3 f o r  va r ious  va lues  of t h e  c o s i n e  of t h e  p o l a r  a n g l e  
of t h e  i n c i d e n t  beam (po = - 1 . 0 ,  -0 .5 ,  - 0 . 1 ) .  
i s  i n  t h e  v e r t i c a l  d i r e c t i o n  ( 1 - 1 ~  = -l.O), t h e  r e f l e c t e d  r ad iance  f o r  
A = 0 f o l l o w  c l o s e l y  t h e  va lue  c a l c n l a t e d  from s i n g l e  s c a t t e r i n g  
except  nea r  t h e  hor izon ' .  
of t h e  c o s i n e  of t h e  s c a t t e r i n g  ang le  1-1 v a r i e s  d i r e c t l y  as wo, s i n c e  t h e  
number of e f f e c t i v e  s c a t t e l - i n g  c e n t e r s  i n  a p a r t i c u l a r  d i r e c t i o n  of 
obse rva t ion  is  a l s o  p r o p o r t i o n a l  t o  w . 
r a d i a n c e  i n  p ropor t ion  t o  w 
c o s i n e  of t h e  ang le  of r e f l e c t e d  beam) and i s  approximately t r u e  f o r  
sma l l e r  v a l u e s  of p. 
from t h i s  r e l a t i o n s h i p  f o r  angles  nea r  t h e  hor izon .  
When t h e  i n c i d e n t  beam 
The r e f l e c t e d  r a d i a n c e  f o r  a p a r t i c l e  va lue  
This  dec rease  i n  t h e  r e f l e c t e d  
0 
i s  a c c u r a t e l y  v a l i d  f o r  u > 0.6  (1-1 i s  t h e  
0 
The a c t u a l  va lues  are  smaller than  those  p r e d i c t e d  
This  i s  because 
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t h e  photon has  an i n c r e a s e d  p r o b a b i l i t y  of being absorbed b e f o r e  it 
escapes  from t h e  c loud .  
The r e f l e c t e d  r a d i a n c e s  f o r  T = 0 . 1  and A = 0 are shown i n  F igs .  2 
and 3 f o r  1-1 = 0 . 5  and - 0 . 1  r e s p e c t i v e l y .  The curves  f o r  d i f f e r e n t  
v a l u e s  of  w are  very  similar. The r a d i a n c e  d e c r e a s e s  approximately 
as w 
0 
0 
with  a s l i g h t l y  g r e a t e r  decrease  n e a r  t h e  hor izon .  
0 
The r e f l e c t e d  r a d i a n c e  for a t h i n  cloud depends c r i t i c a l l y  upon 
t h e  s u r f a c e  albedo as i s  shown i n  F ig .  1. When A = 1 t h e  r e f l e c t e d  
r a d i a n c e  which now i n c l u d e s  t h e  r a d i a t i o n  r e f l e c t e d  from t h e  ground 
i s  n e a r l y  c o n s t a n t  wi th  ang le .  
e s p e c i a l l y  n e a r  t h e  horizon.  The r e s u l t s  f o r  1-1 = -0.5 and - 0 . 1  and A = 1 
( n o t  shown h e r e )  i n d i c a t e  t h a t  t h e s e  v a r i a t i o n s  become l a r g e r  as t h e  
i n c i d e n t  beam approaches t h e  hor izon .  When 1-1 = -0 .5  t h e  r e f l e c t e d  
r a d i a n c e  for wo = 0 . 1  is  only 22% of i t s  va lue  f o r  w = 1 when u i s  
near  t h e  horizon ( t h e  corresponding f i g u r e  i s  6 .7% when 1-1 -0.1). 
The d i f f e r e n c e s  are less near  t h e  z e n i t h .  For 1-1 - 0 . 1  and w = 0 . 1  
t h e  r e f l e c t e d  r a d i a n c e  i s  0.0135 on t h e  near  hor izon ,  t h e n  n e a r l y  
c o n s t a n t  a t  0.0115 u n t i l  it s tar ts  decreas ing  a t  t h e  fa r  horizon t o  
a v a l u e  of  0 .00381.  
I t  d e c r e a s e s  s l i g h t l y  as w d e c r e a s e s ,  
0 
0 
0 
0 
0 
0 0 
The r e f l e c t e d  r a d i a n c e  for a cloud of  i n t e r m e d i a t e  t h i c k n e s s  is  
shown i n  F i g .  4 ( T  = 1.0, p = - 1 . 0 ) .  The curves  f o r  A = 0 are h igher  
t h a n  t h o s e  shown i n  F i g .  1 f o r  T = 0 . 1 .  There i s  a p p r e c i a b l e  m u l t i p l e  
s c a t t e r i n g  f o r  T 1. Thus t h e  r e f l e c t e d  r a d i a n c e  decreases  by more 
t h a n  a f a c t o r  w a s  w decreases ,  s i n c e  t h e  number of photons i s  reduced 
0 
0 0 
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by t h e  f a c t o r  w a t  each c o l l i s i o n .  For t h e  smaller va lues  of w t h e  
r e f l e c t e d  r ad iance  is l a r g e s t  nea r  t h e  z e n i t h .  
nea r  t h e  z e n i t h  while  undergoing f e w  c o l l i s i o n s  because of t h e  maxima 
i n  t h e  s i n g l e  s c a t t e r i n g  phase f u n c t i o n  i n  t h e  backward d i r e c t i o n .  
With s i g n i f i c a n t  abso rp t ion  only t h e  photons t h a t  make a r e l a t i v e l y  
small number of c o l l i s i o n s  c o n t r i b u t e  apprec i ab ly  t o  t h e  r ad iance .  
When A = 1 t h e r e  is a pronounced decrease  i n  t h e  r ad iance  away from t h e  
z e n i t h .  This  i s  because very l i t t l e  r a d i a t i o n  r e f l e c t e d  from t h e  s u r f a c e  
can reach  t h e  t o p  of t h e  cloud a t  a small va lue  of  1.1 when t h e  cloud i s  
s t r o n g l y  absorb ing .  
0 0 
The photons can escape 
The r e f l e c t e d  r ad iance  f o r  a cloud of l a r g e  t h i c k n e s s  is  shown i n  
F ig .  5 ( T  = 10, 1.1~ = -1.0). 
higher  when w > 0 . 9  f o r  T 1 0  t han  f o r  T = 1 because of t h e  l a r g e  
number of m u l t i p l e  s c a t t e r i n g s  undergone by a t y p i c a l  photon. 
smooths t h e  curves  so t h a t  t h e r e  i s  less v a r i a t i o n  with 1-1. When t h e r e  i s  
apprec iab le  abso rp t ion  t h e  rad iance  has  a tendency t o  develop a more 
marked v a r i a t i o n  wi th  with a maximum near  t h e  z e n i t h .  Espec ia l ly  f o r  
t h e  wo = 0 . 1  curve ,  t h e  lower va lues  nea r  t h e  horizon are somewhat 
poor ly  de f ined  due t o  a l a r g e r  s t a t i s t i c a l  e r r o r  i n  t h e  c a l c u l a t i o n  of 
t h e s e  sma l l e r  r ad iance  va lues .  The curves  f o r  s u r f a c e  a lbedo  A = 1 
a r e  very  similar t o  those  f o r  A = 0 ,  s i n c e  r e l a t i v e l y  l i t t l e  r a d i a t i o n  
can p e n e t r a t e  t h e s e  t h i c k  clouds and be r e f l e c t e d  back t o  t h e  s u r f a c e .  
The magnitude of t h e  r ad iance  i s  apprec iab ly  
o -  
This a l s o  
The r e f l e c t e d  r ad iance  f o r  T = 1 0  and po = -0.5 and po = - 0 . 1  
a r e  shown i n  F igs .  6 and 7 r e s p e c t i v e l y .  A s  t h e  abso rp t ion  becomes 
s t r o n g e r  ( w  becomes s m a l l e r ) ,  t h e  r e f l e c t e d  r ad iance  approaches t h e  curve 
0 
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expected f o r  s i n g l e  s c a t t e r i n g  from t h e  phase f u n c t i o n .  This  occurs  
even f o r  t h i c k  c louds  s i n c e  only s i n g l y  s c a t t e r e d  photons can make an 
a p p r e c i a b l e  c o n t r i b u t i o n  t o  t h e  i n t e n s i t y  when w 
i s  c l e a r l y  v i s i b l e  i n  F igs .  6 and 7 .  For p - 0 . 1  and w = 0 . 1  t h e  
r e f l e c t e d  r ad iance  is 200 times sma l l e r  near  t h e  z e n i t h  than  near  t h e  
hor izon .  
i s  small. This  effect  
0 
0 0 
Transmit ted Radiance 
The t r a n s m i t t e d  r ad iance  f o r  a t h i n  cloud (T = 0.1) i s  shown i n  
F igs .  8-10 f o r  u = - 1 . 0 ,  -0 .5 ,  and -0 .1 .  When abso rp t ion  is  p r e s e n t ,  
t h e  t r a n s m i t t e d  r ad iance  f o r  u 
m u l t i p l i e d  by t h e  t r ansmi t t ed  r ad iance  f o r  w = 1. Near t h e  horizon 
t h e  computed va lue  i s  somewhat less than  would be p red ic t ed  by t h i s  
equat ion  because of m u l t i p l e  s c a t t e r i n g .  
t h e  t r a n s m i t t e d  r ad iance  decreases  i n  g e n e r a l  s l i g h t l y  more r a p i d l y  
than  i s  p r e d i c t e d  from t h e  w 
curves  i s  remarkably cons t an t  as  w v a r i e s .  
0 
= -1.0 is  i n  most cases equa l  t o  w 
0 0 
0 
For o t h e r  ang le s  of inc idence  
r u l e .  However, t h e  gene ra l  shape of t h e  
0 
0 
When p o  = -0 .5 and -0 .1  and A 1, a l l  t h e  va lues  f o r  t h e  t r a n s m i t t e d  
r ad iance  a r e  increased  over  those  f o r  A = 0 ,  p a r t i c u l a r l y  nea r  t h e  minima 
of t h e  cu rves .  However, t h e  g e n e r a l  shape of t h e  curves  remains t h e  same. 
The t r a n s m i t t e d  rad iance  f o r  T = 1 and u = -1.0 i s  shown i n  Fig.  11. 
0 
When A = 0 t h e  r ad iance  has  a s t r o n g  maximum around t h e  z e n i t h  f o r  a l l  
w because of t h e  numerous small angle  s c a t t e r i n g  even t s  which occur .  
The r ad iance  dec reases  toward t h e  hor izon .  This  decrease  i s  much more 
0 
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r a p i d  as t h e  a b s o r p t i o n  i n c r e a s e s .  When A = 1 t h e  r a d i a n c e  i n c r e a s e s  
toward both  t h e  z e n i t h  and t h e  hor izon .  The r a d i a n c e  n e a r  t h e  horizon 
is increased  s i g n i f i c a n t l y  for a l l  w because of t h e  b a c k s c a t t e r i n g  
from t h e  r e f l e c t e d  photons.  
by photons t h a t  a re  r e f l e c t e d  i n t o  a s o l i d  a n g l e  near  t h e  horizon and 
t h e n  are s c a t t e r e d  through a r e l a t i v e l y  small a n g l e  i n t o  a downward 
d i r e c t i o n .  
0 
A c t u a l l y  most of t h i s  r a d i a n c e  is  c o n t r i b u t e d  
The t r a n s m i t t e d  r a d i a n c e  f o r  t h i c k  c louds  ( T  = 10) i s  shown i n  F i g s .  12-14 .  
For p -1 .0  and A 0 t h e  rad iance  is  always g r e a t e r  a t  t h e  z e n i t h  
t h a n  a t  t h e  hor izon .  This  d i f f e r e n c e  g r e a t l y  i n c r e a s e s  as t h e  a b s o r p t i o n  
i n c r e a s e s  u n t i l  t h e  z e n i t h  rad iance  is 260 times g r e a t e r  t h a n  t h e  hor izon  
r a d i a n c e  when w = 0 . 1 .  When A = 1 t h e  horizon r a d i a n c e  is increased  
s i g n i f i c a n t l y  f o r  a l l  w over t h e  v a l u e  for  A = 0 ,  whereas t h e  z e n i t h  
r a d i a n c e  i s  increased  only f o r  t h e  cases where w i s  near  1. 
0 
0 
0 
0 
The shape of t h e  t r a n s m i t t e d  r a d i a n c e  curves  for t h e  same w 
v a l u e s  is  very similar for 1-1 All in format ion  
as t o  t h e  d i r e c t i o n  of t h e  o r i g i n a l  beam i s  e s s e n t i a l l y  l o s t  through 
t h e  m u l t i p l e  c o l l i s i o n s  r e q u i r e d  t o  r e a c h  t h e  bottom of t h e  c loud .  
maximum value  f o r  t h e  rad iance  i s  always found near  t h e  z e n i t h .  
magnitude of  t h e  r a d i a n c e  va lues  d e c r e a s e s  as p0 approaches t h e  horizon 
s i n c e  more of t h e  photons a r e  r e f l e c t e d  o u t  of t h e  cloud a f t e r  a few 
c o l l i s i o n s  by t h e  forward maximum of t h e  phase f u n c t i o n .  The expected 
i n c r e a s e  i n  t h e  s t a t i s t i c a l  f l u c t u a t i o n s  of t h e  r e s u l t  occurs  when t h e  
r a d i a n c e  v a l u e s  are numerical ly  small compared t o  u n i t y .  
0 
= - 0 . 5  and u 0  = - 0 . 1 .  
0 
The 
The 
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Flux 
The r a d i a n t  f l u x  which emerges from t h e  cloud a t  i t s  lower boundary 
when A = 0 i s  g iven  i n  Table  I for a number of d i f f e r e n t  va lues  of  t h e  
parameters .  
a lbedo  w 
a s  w i n c r e a s e s .  When T = 0 . 1  or 1 t h e  f l u x  i n c r e a s e s  by a n  o r d e r  of  
magnitude when w i n c r e a s e s  from 0 . 1  t o  1. However, t h e  corresponding 
change f o r  a t h i c k  c loud  ( T  1 0  or 30)  i s  many o r d e r s  of  magnitude. 
Obviously when t h e r e  i s  apprec iab le  a b s o r p t i o n ,  very  few photons can 
s u r v i v e  many c o l l i s i o n s  and p e n e t r a t e  a t h i c k  c loud .  
When T and p0 are he ld  f i x e d  and t h e  s i n g l e  s c a t t e r i n g  
i s  v a r i e d ,  t h e  f l u x  a t  t h e  lower boundary always increases 
0 
0 
0 
Mean O p t i c a l  Path 
The mean o p t i c a l  p a t h  f o r  bo th  t h e  r e f l e c t e d  and t r a n s m i t t e d  photons 
i s  shown i n  Table I .  When T = 0 . 1 ,  t h e  mean o p t i c a l  p a t h  v a r i e s  only 
s l i g h t l y  wi th  wo s i n c e  t h e  m a j o r i t y  of t h e  photons undergo only a s i n g l e  
s c a t t e r i n g  i n  t h i s  c a s e .  
When T = 1 t h e  mean o p t i c a l  p a t h  of t h e  r e f l e c t e d  photons decreases  
as w 
when t h e r e  i s  c o n s i d e r a b l e  absorp t ion  s t a y  n e a r e r  t h e  upper s u r f a c e  on 
t h e  average.  
on t h e  average when t h e  absorp t ion  i s  high.  
more pronounced when T 1 0  and 30.  For example when T = 3 0 ,  t h e  mean 
o p t i c a l  p a t h  f o r  t h e  r e f l e c t e d  photons is  1 0 . 9  when wo = 0 . 1  and 59 .9  
f o r  w = 1. The t r a n s m i t t e d  mean o p t i c a l  p a t h  f o r  t h i s  same cloud i s  
30.7 when w 
d e c r e a s e s  s i n c e  t h e  photons which can s u r v i v e  m u l t i p l e  c o l l i s i o n s  
0 
S i m i l a r l y  t h e  t r a n s m i t t e d  photons fo l low a s h o r t e r  p a t h  
These e f fec ts  are much 
0 
= 0 . 1  and 81.9 when wo = 1. The v a l u e  f o r  w = 0 . 1  i s  
0 0 
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q u i t e  remarkable s i n c e  t h e  cloud has  a n  o p t i c a l  t h i c k n e s s  of 30. 
wi th  t h i s  high a b s o r p t i o n  t h e  only  photons t h a t  can  p e n e t r a t e  t h e  
cloud are  those  t h a t  p a s s  through wi th  only  s l i g h t  d e v i a t i o n s  from t h e  
o r i g i n a l  v e r t i c a l  d i r e c t i o n .  
photons can p a s s  through a t h i c k  cloud i n  t h i s  manner as is  shown 
by t h e  very  small va lue  f o r  t h e  f l u x  of  5 . 3  x 
Thus 
Obviously only  a minute f r a c t i o n  of t h e  
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Table I .  
Mean O p t i c a l  P a t h  and F l u x  a t  Lower Boundary for A = 0. 
Ref lec ted  Transmi t ted  F lux  a t  
mean o p t i c a l  mean o p t i c a l  Lower 
w pa th  p a t h  Boundary 
'lo 0 T 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.5 
0.1 0.5 
0.1 0.5 
0.1 1 
0.1 1 
0.1 1 
0.1 1 
1 1 
1 1 
1 1 
1 1 
10 0.1 
10 0.1 
10 0.1 
10 0.1 
10 0.5 
10 0.5 
10 0.5 
10 0.5 
10 1 
10 1 
10 1 
10 1 
10 1 
30 1 
30 1 
30 1 
30 1 
30 1 
0.1 
0.5 
1 
0.1 
0.5 
1 
0.1 
0.5 
0.9 
1 
0.1 
0.5 
0.9 
1 
0.1 
0.5 
0.9 
1 
0.1 
0.5 
0.9 
1 
0.1 
0.5 
0.9 
0.99 
1 
0.1 
0.5 
0.9 
0.99 
1 
1.32 
1.35 
1.34 
0.808 
0.892 
0.850 
0.320 
0.408 
0.441 
0.454 
2.68 
3.41 
3.70 
3.75 
4.91 
8.86 
11.3 
12.9 
14.3 
18.4 
20.8 
10.6 
15.5 
22.1 
25.1 
24.2 
10.9 
17.4 
37.3 
55.7 
59.9 
8.43 
1.06 
1.06 
1.04 
0.270 
0.286 
0.286 
0.113 
0.115 
0.116 
0.119 
1.13 
1.15 
1.19 
1.23 
20.4 
20.4 
25.4 
28 .O 
17.7 
17.5 
22.7 
24.9 
11.1 
11.5 
16.1 
19.0 
19.2 
30.7 
31.8 
51.4 
76.3 
81.9 
0.0322 
0.184 
0.452 
0.0147 
0.0768 
0.163 
0.00862 
0.0440 
0.0810 
0.0905 
0.0349 
0.215 
0.493 
0.584 
4.95 x 
0.0254 
0.201 
6.50 x 
0.0517 
0.362 
4.04 10-5 
2.29 
4.42 
2.48 10-3 
0.136 
0.472 
0.534 
5.3 10-13 
4.51 10-9 
1.31 10-3 
0.113 
0.227 
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Legends f o r  F igu res  
F i g .  1. Ref l ec t ed  r ad iance  as a f u n c t i o n  of  p, t h e  c o s i n e  of  t h e  
z e n i t h  ang le .  
of t h e  f i g u r e  a r e  for A ( s u r f a c e  a lbedo)  = 0 and 1 r e s p e c t i v e l y .  
The o p t i c a l  depth  of t h e  c loud  T = 0 . 1 .  The s u n l i g h t  is  
i n c i d e n t  v e r t i c a l l y ,  ( c o s i n e  of i n c i d e n t  z e n i t h  a n g l e )  = - 1 . 0 .  
The s i n g l e  s c a t t e r i n g  a lbedo  i s  w . The i n c i d e n t  i n t e n s i t y  
is  normalized t o  un i ty .  
The curves  on t h e  l e f t  and r i g h t  p o r t i o n  
PO 
0 
-0.5, T = 0 . 1 ,  and A 0 as a func t ion  
iJ.0 
Fig .  2 .  Re f l ec t ed  r ad iance  f o r  
of u , t h e  cos ine  of t h e  z e n i t h  ang le .  
o f  t h e  graph r e f e r s  t o  v a l u e s  averaged over  t h e  az imutha l  
a n g l e  for 90° on both s i d e s  of  t h e  o r i g i n a l  beam. The va lues  
on t h e  r i g h t  po r t ion  of  t h e  graph are  f o r  v a l u e s  averaged 
over  t h e  remaining az imutha l  a n g l e s .  Thus one i n t e n s i t y  
curve from l e f t  t o  r i g h t  shows t h e  v a r i a t i o n  from one horizor,  
t o  t h e  z e n i t h  and back t o  the  o t h e r  horizon averaged over  t h e  
i i id ica ted  azimuthal  a n g l e s .  
The l e f t  hand p o r t i o n  
F ig .  3 .  Re f l ec t ed  r ad iance  f o r  u -0 .1 ,  T = 0 .1 ,  and A = 0 as a 
0 
f u n c t i o n  of u .  See c a p t i o n  f o r  F ig .  2 .  
Re f l ec t ed  r ad iance  f o r  uo = - 1 . 0 ,  T = 1 . 0 ,  and A = 0 and 1 
as a f u n c t i o n  o f  p. See c a p t i o n  f o r  F ig .  1. 
F ig .  4 .  
F ig .  5 .  Ref lec ted  r ad iance  f o r  11 = - 1 . 0 ,  T = 1 0 ,  and A 0 and 1 
0 
as a f u n c t i o n  of u. See c a p t i o n  f o r  F ig .  1. 
F ig .  6 .  Ref lec ted  r ad iance  f o r  = -0 .5 ,  T = 1 0 ,  and A = 0 as 
0 
a f u n c t i o n  of  u. See c a p t i o n  f o r  F ig .  2 .  
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Fig .  7 .  
F ig .  8 .  
F ig .  9 .  
F ig .  1 0 .  
F ig .  11. 
Fig.  17. 
Fig .  1 3 .  
F ig .  1 4 .  
Re f l ec t ed  r ad iance  for 1-1 = -0.1, T = 1 0 ,  and A = 0 as 
a f u n c t i o n  of p . See c a p t i o n  f o r  F ig .  2 .  
Transmi t ted  r ad iance  f o r  p - 0 . 1 ,  T = 0 . 1 ,  and A = 0 and 
1 as a f u n c t i o n  of p .  The r a d i a n c e  from t h e  unsca t t e red  
photons of t h e  o r i g i n a l  beam i s  n o t  i nc luded .  See c a p t i o n  
f o r  F ig .  1. 
Transmit ted rad iance  f o r  p = - 0 . 5 ,  T = 0 . 1 ,  and A = 0 as 
a f u n c t i o n  of p .  See c a p t i o n  f o r  F i g .  2 .  
Transmit ted rad iance  f o r  p = - 0 . 1 ,  T = 0 . 1 ,  and A 0 as  
a f u n c t i o n  of  p. See cap t ion  f o r  F i g .  2 .  
Transmit ted r ad iance  f o r  p = -1 .0 ,  T = 1, and A = 0 and 1 
as a f u n c t i o n  of  p .  See c a p t i o n  for Fig .  1. 
Transmi t ted  r ad iance  for p = -1.0, T = 1 0 ,  and A = 0 and 1 
as a f u n c t i o n  of u .  See c a p t i o n  f o r  F ig .  1. 
Transmi t ted  rad iance  f o r  p = -0 .5 ,  T = 1 0 ,  and A = 0 as 
a f u n c t i o n  of u .  See cap t ion  f o r  F ig .  2 .  
Transmit ted rad iance  f o r  u = - 0 . 1 ,  T 1 0 ,  and A = 0 as 
a f u n c t i o n  of p. See cap t ion  for F i g .  2 .  
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